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Rhizobium infections that lead to the formation of nodules in legume hosts occur in only a very small and variable proportion of root cells present at the time of inoculation (4) . Recent studies of soybean demonstrated that Rhizobium infections leading to nodule formation occurred most frequently in those root cells that were located between the zone of root elongation and the zone of developing root hairs at the time of inoculation (3) . These root cells were found to become progressively less susceptible to nodulation by rhizobia as they differentiated and matured (3) . In this paper, we report on the location and development of the susceptible root cells in the roots of cowpea, alfalfa, white clover, and peanut. 'To whom reprint requests should be addressed.
MATERIALS AND METHODS
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General procedures for maintenance of stock cultures, initiation of starter cultures, and preparation of inocula have been described (3) . R meliloti strain 102F71 and R. trifolii strain TA1 were grown on modified B5 medium supplemented with 0.5 ,ug of biotin/L (3). All cultures were harvested in mid-exponential growth phase for preparation of inocula (3.5 days for Rhizobium spp. 32H1 and 3G4b4 and 36 h for R. meliloti 102F71 and R. trifolii TAI).
Growth of Plants. Cowpea seeds (Vigna sinensis [L.] Endl. cv. California Black Eye) were obtained from W. Atlee Burpee Co., Warminster, PA. Seeds were surface-disinfected and grown in plastic growth pouches (Scientific Products, Evanston, IL) as described earlier for soybean (3) . Plants were inoculated by adding 0.5 ml of inoculum (A620 nm = 0.08) in drops onto the lower portion of each root.
Seeds of alfalfa (Medicago sativa L. cvs. Moapa and Vernal) were obtained from Dewine and Hamma Seed Company, Yellow Springs, OH. Seeds were surface-sterilized as described (3) and soaked for 2 h in sterile H20. Ten to 12 swollen seeds were transferred directly to each growth pouch. Plants were inoculated 48 h after transfer by adding 100 ,ul of inoculum (A620nm = 0.08) onto each root.
Changes in the position ofepidermal cells on cowpea and alfalfa roots, relative to the RT4 and SERH marks ( Fig. 1 ) made on the pouches, were measured as described for soybean (3) .
Seeds ofpeanut (Arachis hypogaea L. cv. Spanish) were obtained from W. Atlee Burpee Co., surface-sterilized for 5 min, and germinated as described (3) . Healthy seedlings were transferred to growth pouches on the fourth day after transfer to plates and inoculated with 0.5 ml of inoculum (A620 = 0.08) when they possessed a few emergent lateral roots. Due to the large seed size and slow rate of growth, peanut plants were not well suited for growing in pouches.
White clover seeds (Trifolium repens L. cv. Regal Ladino) were obtained from Cal-West Seed Company, Woodland, CA. Seeds were surface-sterilized for 10 min with 5% sodium hypochlorite containing a drop of Tween 20 (Sigma Chemical Co.), washed, and then soaked in sterile H20 for 24 h in the cold (7). Swollen seeds were transferred to plates containing sterile half-strength Nfree Jensen's medium (10) with 0.5 g agar/L. Germinated seeds were transferred 24 h later to growth pouches wetted with 8 ml of the N-free Jensen's medium. Plants were inoculated 48 h after transfer to pouches with 100 id inoculum (A620nm = 0.08).
In some cases, clover seedlings were grown on agar plates. The seeds were surface-sterilized, soaked in cold water, and germinated on Petri plates containing Fahraeus soft agar (10), 0.5 g agar/L.
Approximately 25 germinated seeds were transferred to 24-x 24-cm square bioassay dishes (Vangard International Inc., Neptune, NJ) containing a thin layer of the Fahraeus agar medium. The dishes were incubated as described above.
In all cases, boxes containing the seedlings in growth pouches were covered with aluminum foil until inoculation to prevent drying and to maintain sterility. Seedlings were maintained after inoculation in a growth chamber (Conviron model EF74, Pembina, ND) at 50 to 70%o RH, 28°C during the day (16 h) and 24°C
at night, with a light intensity of approximately 1.7 x I04 lux.
Sterile half-strength N-free Jensen's medium was used to water the pouches as required. Marking and Scoring of Plants. The positions of the RT, the SERH, and the fully developed MRH were marked at the time of inoculation as described for soybean (3) . At the time of marking, the region of the root between the RT and the SERH possessed no emergent root hairs (NRH zone, see Fig. 1 ). The region between the SERH and MRH marks possessed DRHs (DRH zone). Fully elongated root hairs were present in the MRH zone above the MRH mark (Fig. 1) . Root hairs developed on peanut plants only at the base of lateral roots after the lateral roots emerged from the primary root. Different colored marking pens were used to distinguish between the position of emergent lateral roots with and without basal root hairs. Cowpea, alfalfa, and clover seedlings were scored for the presence of nodules in the marked NRH, DRH, and MRH zones at 5, 10, and 15 days after inoculation. Procedures for scoring nodules were the same as those described for soybean (3) . In some experiments, however, clover plants were scored for the presence of nodules in the marked root zones each day after inoculation for 7 days. Different sets of pouches were scored each day for these experiments with clover. Cuts were made at the RT, SERH, and MRH marks at the time of scoring, and bits of roots were removed and observed under a dissecting microscope for presence of nodules. In the case of agar-grown clover plants, nodule development in the NRH, DRH, and MRH zones was followed on the same set of plants over a 1-week period. The film of agar was thin, so that both the abaxial and adaxial sides of roots could be examined for the presence of nodules without disturbing the seedlings. As peanut plants nodulated only at the junction of the primary and secondary roots, nodulation was recorded 8 to 10 days after inoculation, with respect to the position of the lateral roots marked at the time of inoculation.
Preparation of Bacterial Exudate. R. tr!folii TAI was cultured in 100 ml modified B5 medium for 36 h (mid-exponential growth phase). The cells were centrifuged at 20,000g for 12 min and washed once with sterile phosphate buffered saline (2) . The cells were suspended in 10 ml sterile distilled H20 and left at room temperature for 1 h. The cells were then centrifuged again, and the supernatant was filtered through a Millipore membrane (0.2 ,um). This filtrate is designated as crude bacterial exudate. Aliquots of 25 gl (for agar-grown plants) or 50 ,il (for pouch-grown plants) of this exudate were dribbled onto each root before inoculation. Table I shows the pattern of nodulation observed in the NRH, DRH, and MRH zones for cowpea, alfalfa, and white clover. A high proportion of the cowpea and alfalfa seedlings consistently nodulated in the NRH zone. Nodulation in the DRH zone was observed in a small and variable proportion (0-24%) of cowpea plants and in approximately one-half of the alfalfa seedlings. Nodules were never observed in the MRH zone of cowpea seedlings, although 16 and 26% of the alfalfa seedlings developed nodules in the MRH zone in the two separate experiments (Table   I ).
RESULTS
In cowpea, profuse nodulation was consistently observed near the RT mark made at the time of inoculation. Nodules in this region often showed a tendency to form lobes and, hence, were difficult to distinguish from adjacent nodules. The profile of nodulation frequency obtained for cowpea is shown in Figure 2 . The distance of each nodule from the RT mark is presented as a percentage of the total length of the NRH zone in order to compensate for variation in the NRH zone length between plants and in order to facilitate comparisons of nodulation profiles obtained from different experiments. Profiles obtained from three separate experiments with cowpea indicated that the region of maximum nodulation was variable and extended between approximately 20%Yo of the NRH distance above the RT mark to approximately 90%1o of the NRH distance below the RT mark (Fig. 2) .
The region of rapid root elongation extended to 30%o of the NRH distance above the root tip in cowpea seedlings.
A representative pattern of nodulation frequency for alfalfa cv. Vernal is shown in Figure 3 . Similar profiles were obtained for cv. Moapa. Even though no region of especially high nodulation frequency was evident, nodules were observed more frequently around the RT mark in repeated experiments. In contrast to cowpea, nodules on alfalfa roots were occasionally observed as far above the RT as 500%Yo of the NRH zone distance. The region of maximum root elongation for alfalfa was restricted to the lower 50o of the NRH zone.
Nodulation above the RT mark decreased in both cowpea and alfalfa if inoculations were delayed after marking the position of the RT (Figs. 4 and 5) . As the time interval between marking and inoculation was increased, there was a corresponding decrease in the proportion of plants that nodulated above the RT mark as well as a decrease in the average number of nodules formed above the RT per plant and in the average distance between the uppermost nodule on the primary root and the RT (Figs. 4 and 5) . The rates at which the position of the uppermost nodule decreased corresponded roughly to the rates of root growth. Roots of cowpea and alfalfa seedlings grew 2.1 ± 0.5 mm/h and 0.8 ± 0.2 mm/h, respectively.
Clover. The pattern of nodulation in white clover differed significantly from that of cowpea and alfalfa. One week after inoculation, almost all the plants possessed nodules in each of the three marked root zones (Table I) . Judged from their sizes and shapes, however, the nodules observed in the MRH zone appeared to be in earlier stages of development than were the nodules present in the NRH zone of the same plant. Therefore, the time course of nodule development in the three root zones was followed on the same plant over a period of 10 days (Fig. 6) . On most plants, nodules were first observed in the NRH and DRH zones. Nodules were generally observed in the MRH zones only 4 or 5 days after inoculation. By day 7, however, most plants possessed well developed nodules in all the three zones ( Fig. 6; Table 1 ). This sequence of nodule development was apparent only if the same plants were examined periodically after inoculation. A similar time course of nodule development was also observed in Plant Physiol. Vol. 68, 1981 (Fig. 7B ). In the case of seedlings treated with sterile H20 for the same period, nodulation was observed in the MRH zones on the majority of plants only after the fourth or fifth day after inoculation (Fig. 7B) . Nodule development in the MRH zone of the seedlings pretreated with the R. trifolii exudate for 6 h followed a time course somewhat similar to that of water-treated controls. In contrast, the extent of nodulation in the NRH zone of treated seedlings was quite comparable at all age levels (Fig. 7A) .
Fewer clover plants developed nodules above the RT mark when inoculations were delayed for various time periods after marking the RT. This was apparent only if the plants were observed on the fourth day after inoculation (Table II) i,l/root of Rhizobium sp. 32H1 (A62o,., = 0.08). After I week, the number and position of primary root nodules above the RT mark was determined for each plant as described (3) . nodulation in cowpea and alfalfa revealed that successful infections (i.e. infections leading to nodulation) occurred most frequently in that zone of the root which had no emergent root hairs at the time of inoculation (Table I; Figs. 2 and 3) . The relatively lower frequency of nodulation in the DRH and MRH regions of cowpea and alfalfa (Table I ) may be due either to a decreased susceptibility of host root cells in these regions to the initiation of infections or to a lower proportion of successful infections. Profiles of infection frequency and extent are needed in order to distinguish between these two alternatives.
Alfalfa plants nodulated more frequently in the DRH and MRH regions than did cowpea or soybean (Table I ). This indicates that root cells of alfalfa remain susceptible to nodulation through later stages of their development than do root cells of cowpea and soybean. The profiles of nodulation frequency (Fig. 3) and the results of the delayed inoculation experiments (Fig. 5) are consistent with this interpretation.
It is not yet clear whether susceptibility to infection in peanut is related to root hair differentiation or to lateral root emergence. The observation that nodules consistently developed at the axils of the emergent laterals that had no basal root hairs at the time of inoculation suggests that susceptibility may be more directly related to root hair development than to lateral root emergence. However, our observations do not rule out the possibility that infections are initiated at the sites of lateral root emergence (1) .
The profiles of nodule distribution in cowpea (Fig. 2) and alfalfa (Fig. 3) show that infections leading to nodulation occurred most frequently in root cells which, at the time of inoculation, were located in the region of rapid root elongation. Earlier studies of soybean, on the other hand, indicated that maximum nodulation occurred in the region of the root that had completed rapid elongation at the time of inoculation (3) . Infections in soybean normally take place through emergent root hairs (9) . Thus, the difference in position between emergent root hairs at inoculation and the region of maximum nodulation frequency suggested that it may be necessary for preemergent soybean root hair cells to differentiate in the presence of the rhizobia for some period of time before successful infections could be initiated in them (3 and alfalfa is worthy of mention. Nodulation frequency increased to maximum values in the vicinity of the RT mark for both cowpea and alfalfa, but these high frequencies of nodulation were not sustained at locations further down the root (Figs. 2 and 3 ). This same phenomenon was previously observed in soybean, and it was suggested that the diminished frequency of nodulation in the lower region indicated the existence of a fast-acting selfregulatory mechanism that could serve to prevent overnodulation (3). It appears that a fast-acting self-regulatory mechanism may exist in cowpea and alfalfa as well as in soybean.
The pattern of infection and nodulation in white clover has been described in detail by Nutman (5, 6) and Purchase and Nutman (8). In general, our results are in agreement with those of the earlier studies. Nodulation in different regions of the primary root of white clover occurred in a significantly different pattern than it did in soybean, cowpea, or alfalfa (Table I ; Fig. 6 ). Nodules in the MRH zone of clover roots developed about 2 days later than did the nodules that first appeared in the NRH and DRH zones. This observation suggests that infections leading to nodulation in clover occurred in two distinct phases separated in time and space. The initial phase of infections leading to nodule formation appeared to occur in the NRH and DRH zones. The location and development of susceptible root cells in these regions of clover roots seemed to be comparable to the location and development of susceptible root cells in the NRH and DRH regions of soybean, cowpea, and alfalfa roots. Data from delayed inoculation experiments (Table II) indicate that root cells in these regions remained susceptible for about 12 to 24 h. Following this initial phase, there appeared to be a second phase of infections which occurred wherever there were healthy, mature (fully elongated) root hairs. This phase may correspond to the spreading of infections described by Purchase and Nutman (8).
We speculate that fully elongated clover root hairs are not ordinarily susceptible to successful infection by R trifolii at the time of inoculation but become susceptible when branching or some other response is induced in them by the rhizobia sometime after inoculation. The effect of R. trifolii exudate on nodulation in the MRH zone provides evidence in support of this hypothesis. Cell-free bacterial exudates from R trifolii were prepared by the same procedure previously used by Yao and Vincent (11) for the isolation of substances that induced root hair branching in white clover. Substances in the exudate were able to induce cells in the mature root hair region to become susceptible to nodulation at considerably earlier times than they would in untreated plants (Fig. 7B ). Treatment with exudate had no measurable effect on rate of nodulation in the NRH zone (Fig. 7A) . We did not observe extensive root hair branching at the time of inoculation in the plants pretreated with exudate. It is not clear why pretreatment with the exudate preparation for 14 or 24 h reduced the time required for the appearance of visible nodules in the MRH zone by 48 h.
In conclusion, susceptibility of host root cells to nodulation by rhizobia is a developmentally regulated and transient property in each of the four legumes examined here. However, there are significant differences in the patterns of nodule development observed for each of these legumes. This suggests the need for caution in extrapolating results or hypotheses from one Rhizobium/legume system to another.
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